The aim of this investigation was to determine the time course of changes in serum glucose, insulin and lipid levels, as well as lipid and protein content and lipolytic activities in insulin target organs (liver, adipose tissue and muscle), in macrosomic offspring of streptozotocin-induced mildly hyperglycaemic rats. Food intake and nutritional efficiency were also evaluated. Mild hyperglycaemia in pregnant rats was induced by intraperitoneal injection of streptozotocin (40 mg/kg body weight) on day 5 of gestation. Control pregnant rats were injected with citrate buffer. At birth, macrosomic pups (birth weight 1.7 S.D. greater than the mean value for the control pups) had higher serum insulin, glucose and lipid levels than control pups. These macrosomic rats maintained accelerated postnatal growth combined with high adipose tissue weight up to 12 weeks of age. These rats were not hyperphagic ; however, they had higher food efficiency and fat storage capacity with higher adipocyte lipoprotein lipase activity, which contributed to persisting obesity. Hepatic lipase activity was increased in macrosomic rats at all ages. Moreover, macrosomia was associated with metabolic disturbances that varied according to age and sex. After 1 month, several alterations observed at birth had disappeared. Serum glucose, insulin and lipid levels in male and female macrosomic rats became similar to those of their respective controls. At 2 months of age, hepatic and serum triacylglycerol levels were higher in macrosomic females than in controls. By 3 months, macrosomic rats (both males and females) had developed insulin resistance with hyperinsulinaemia, hyperglycaemia, and higher serum and hepatic lipids. In conclusion, macrosomia was associated with alterations in glucose and lipid metabolism through to adulthood. It should be considered as an important potential risk factor for obesity and its metabolic complications.
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Macrosomia, or neonatal obesity, is a common consequence of diabetic pregnancy [1, 2] . It results from the prone to the development of glucose intolerance, obesity and diabetes during childhood and adulthood [5] [6] [7] . In human, limitations of study and the multiplicity of variables (e.g. socioeconomic factors, feeding behaviour, diet, nutritional status) make it difficult to explore the pathophysiological mechanisms of obesity and diabetes as a consequence of foetal-hyperinsulinaemia-induced neonatal macrosomia. Therefore there is a need to establish an animal model for investigation of this issue. Streptozotocin, an antibiotic and anti-tumour agent, has been widely used for inducing diabetes in animals by effecting degranulation and necrosis of pancreatic β-cells. Induction of hyperglycaemia in pregnant rats by streptozotocin injection has been reported by previous investigators [8] [9] [10] . Maternal streptozotocin administration before pregnancy affects fertility and impairs embryo development during the pre-implantation period [10] . Maternal streptozotocin administration on day 5 of gestation has no effect on embryo development and avoids the potentially destructive effect of streptozotocin on the foetal pancreatic β-cells. Indeed, mild maternal hyperglycaemia induces foetal hyperglycaemia, hyperinsulinaemia and macrosomia [8, 9] . The obese rat pups of mildly hyperglycaemic dams maintained accelerated body weight gain, had increased fat storage and developed glucose intolerance by 12 weeks of age [8, 9, 11] .
In several animal models and in humans, obesity is associated with increases in body weight and fat depots, hyperinsulinaemia and insulin resistance ; these changes affect many tissues individually, including adipose tissue, liver and muscle [12] [13] [14] . Adipose tissue masses are dependent on the number of adipocytes as well as on their degree of lipid filling. Adipose tissue lipoprotein lipase (LPL ; EC 3.1.1.34), an enzyme synthesized by adipocytes and transported to the surface of the capillary endothelium, is required for the development of adipose tissue fat stores [15] . Several studies in humans and in animals have indicated that insulin resistance and hyperinsulinaemia induce hyperlipidaemia and alterations in adipose tissue and skeletal muscle LPL activities [16] [17] [18] . Hepatic triacylglycerol lipase (HTGL ; EC 3.1.1.3), a lipolytic enzyme confined to the liver, also plays a role in lipid metabolism, and its activity is elevated in the insulinresistant state [19] . Although insulin resistance is known to occur in macrosomic offspring of diabetic rats during adulthood, changes in lipid metabolism remain to be discovered. Indeed, no study has investigated LPL activity and its role in the development and maintenance of obesity in macrosomic offspring of diabetic rats.
On the other hand, earlier studies on the nature of obesity often emphasized the role of regulation of food intake [20] . Hyperphagia has been found in different obese animal species and in humans. Despite the importance of the metabolic consequences of macrosomia related to foetal hyperinsulinaemia, no detailed study has been conducted on the interactions between food intake, the development of obesity, insulin resistance and lipid metabolism in macrosomic rats.
The purpose of the present investigation was to determine the time course of changes in serum glucose, insulin and lipid levels, as well as lipid and protein contents and lipolytic activities in insulin target organs (liver, adipose tissue, muscle) in macrosomic offspring of streptozotocin-induced mildly hyperglycaemic rats. Food intake and nutritional efficiency were also evaluated. This results of this study should increase our understanding of the long-term effects of foetal macrosomia and the physiological changes that occur with the onset and maintenance of obesity.
MATERIAL AND METHODS

Animals and experimental protocol
Adult Wistar rats were obtained from Iffa Credo Farm, Lyon, France. After mating, the first day of gestation was confirmed by the presence of sperm in vaginal smears. Pregnant rats were housed individually in wood-chip bedded plastic cages at constant temperature (25 mC) and humidity (60p5 %) with a 12 h light\dark cycle. They had free access to water and a commercial diet (UAR, Villemoison-Sur-Orge, France) containing 21 % (w\w) protein, 4 % (w\w) lipid, 53.5 % (w\w) carbohydrate, 4.5 % (w\w) fibre, 5 % (w\w) minerals and 2 % (w\w) vitamins. A total of 30 pregnant rats were made diabetic by intraperitoneal injection of streptozotocin (40 mg\kg body weight) in 0.1 M citrate buffer, pH 4.5, on day 5 of gestation ; 12 pregnant dams were injected with citrate buffer alone as a control group. On days 13, 16, 18 and 20 of gestation, maternal blood was collected for measurement of plasma glucose concentration by cutting. Pregnant rats with plasma glucose levels of between 5.55 and 16.65 mmol\l (compared with 5 mmol\l in controls) were designated as mildly hyperglycaemic [9] and were included in the study. The success rate in obtaining these mildly hyperglycaemic dams in the current series of experiments was 60 %, or 18 out of 30 streptozotocintreated rats. The mean plasma glucose concentration in these mildly diabetic rats was 10.88p0.95 mmol\l, compared with 5.10p0.70 mmol\l in controls, at day 20 of gestation. Severely diabetic rats (with plasma glucose concentration in excess of 16.65 mmol\l) were excluded from the study, since severe diabetes produces foetal hypoinsulinaemia and growth retardation [21] .
A total of 150 pups from the 18 streptozotocin-treated dams and 110 pups from the 12 control dams were delivered spontaneously and weighed within 12 h. Pups from the streptozotocin-treated dams whose birth weights were 1.7 S.D. (above the 90th percentile) greater than the mean birth weight of the control pups were classified as macrosomic [9] , and included in the study.
The mean birth weight of the control pups was 5.95p0.45 g. Therefore experimental pups with birth weights greater than 6.8 g were included as macrosomic in the study. The success rate for obtaining macrosomic pups was 60 % (90 out of 150). The mean birth weight of macrosomic pups was 8.10p0.50 g. These macrosomic pups were hyperinsulinaemic at birth. The normal-sized offspring of diabetic mothers (60 out of 150) were excluded, since maternal diabetes related to foetal macrosomia was the criterion for our experimental population selection. However, these normal-sized offspring of diabetic mothers were not hyperinsulinaemic at birth, had normal growth rates and showed no significant differences from controls for all parameters studied (results not shown). Twenty newborn rats in each group (control and experimental) were killed by decapitation, and blood was collected and pooled from four animals to obtain sufficient serum samples for insulin, glucose and lipid determinations.
The remaining macrosomic and control pups were left with their own mothers. Litter sizes were kept between six and eight pups per nursing dam to maintain a similar postnatal nutritional intake during the suckling period. Pups were weighed weekly up to 12 weeks of age. The sexes of the pups were identified at 3 weeks by examining the external genitalia. Pups were weaned at 4 weeks of age. Male and female rats were housed separately, two to three rats per cage, and allowed food (commercial diet ; UAR) and water ad libitum.
At 4, 8 and 12 weeks of age, after overnight fasting, eight rats from each group were anaesthetized with pentobarbital (60 mg\kg body weight) and then bled from the abdominal aorta. Serum was obtained by lowspeed centrifugation (1000 g ; 20 min), and preserved with 0.26 mmol\l EDTA and 3 mmol\l sodium azide. Liver, gastrocnemius muscle, fat tissue surrounding the kidney and epididymal areas (male rats) or ovary and fallopian tubes (female rats) were removed, washed with cold saline, quickly blotted and weighed. An aliquot of each tissue was homogenized in an Ultraturrax homogenizer (Bioblock Scientific, Illkirch, France) for lipid extraction. Samples of approx. 100 mg of liver and muscle were diluted with ice-cold water (1 ml), homogenized at 4 mC in a Potter-Elvejhem homogenizer and used for protein determination. For determination of lipolytic activity, tissue homogenates in 0.9 % (w\v) NaCl containing heparin (Sigma, St. Louis, MO, U.S.A.) were prepared as described by Mathe et al. [22] for liver, and as described by Inadera et al. [23] for adipose tissue and muscle.
To evaluate the influence of dietary intake on growth rate and the nutritional efficiency of the diet, eight rats from each group were placed individually into metabolism cages. Food intake and body weights were measured daily. Faeces and urine were collected and pooled for several 1-week periods at various ages. Nitrogen (N) balance is the ratio between N retained and N ingested ; the N digestibility coefficient is the ratio between N absorbed and N ingested ; and lipid digestibility is the ratio between lipid absorbed and lipid ingested, as follows :
The food conversion efficiency ratio was determined as follows :
Food conversion efficiency ratio l gain in body weight (g) food intake (g)
The nutritional study was carried out during the postweaning period. Period I (30-37 days) corresponded to the first week of feeding the rats on the commercial diet. Period II (53-60 days) was at the end of the first month of weaning, which coincided with an age of 2 months for some animals that were killed. Period III (60-67 days) corresponded to the first week of the second month of feeding the commercial diet. Period IV (83-90 days) was at the end of the second month of feeding the commercial diet, which coincided with 3 months of age for some animals that were killed.
The general guidelines for the care and use of laboratory animals, recommended by the Council of European Communities [24] , were followed.
Chemical analyses
Nitrogen contents of the diet, faeces and urine were estimated by the Kjeldahl method. Total lipids in the diet, faeces, urine and tissues were extracted by the method of Folch et al. [25] . Serum glucose was determined by the glucose oxidase method using a glucose analyser (Beckman Instruments, Fullerton, CA, U.S.A.). Serum insulin was analysed by ELISA using rat insulin standard. Serum triacylglycerols and total and unesterified cholesterol were measured using enzymic kits (Boehringer, Mannheim, Germany). Liver triacylglycerol contents were also determined enzymically after evaporation of an aliquot of the liver lipid extract. Assays of liver total and unesterified cholesterol were performed by gas-liquid chromatography with a glass capillary column (10 mi 0.3 mm internal diameter) coated with SE 30 (non-polar polydimethylsiloxane ; Supelco, St Germain en Laye, France) as the stationary phase [26] . Concentrations of esterified cholesterol were obtained as the difference between values for total and unesterified cholesterol. The amounts of cholesteryl esters were estimated as 1.67 times the amount of esterified cholesterol. Serum and liver phospholipids were quantified by their phosphorus contents according to Bartlett [27] . Protein contents of tissue homogenates were determined by the method of Lowry et al. [28] , with BSA as the standard.
Determination of lipolytic activities
Tissue homogenates were centrifuged at 1500 g for 5 min, and the supernatants containing heparin-releasable lipase were assayed for LPL or HTGL activity as described by Nilsson-Ehle and Ekman [29] . For the HTGL assay, 100 µl of liver supernatant (the enzyme source) was adjusted to 1 mol\l NaCl, and was incubated at 37 mC for 1 h with 100 µl of [$H]triolein emulsion substrate [final concentrations : 1.42 mmol\l triolein, 0.1 mmol\l lysophosphatidylcholine, 0.2 % (w\v) albumin, 0.1 mmol\l Tris\HCl, pH 9.0, 0.5 mol\l NaCl]. For adipose tissue or muscle LPL determinations, the incubation medium contained 1.42 mmol\l triolein, 0.1 mmol\l lysophosphatidylcholine, 0.2 % (w\v) albumin, 5 % (v\v) heartinactived serum (providing apolipoprotein C-II, an activator of LPL), 0.1 mol\l Tris\HCl (pH 8) and 0.15 mol\l NaCl. At the end of the incubation period, the fatty acids released were extracted with chloroform\ methanol\heptane (1.25\1.41\1, by vol) followed by 0.1 mol\l potassium carbonate\borate buffer, pH 10.5.
$H radioactivity in 1.5 ml aliquots of the methanol\water upper phase was measured in 10 ml of scintillation liquid (Ready Solv HP\6 ; Beckman) in a 7500 LS scintillation counter (Beckman, Palo Alto, CA, U.S.A.). Enzyme activity was expressed as nmol of fatty acids released:min −" :mg −" protein.
Statistical analysis
Results are expressed as meanspS.E.M. The significance of differences among groups was analysed statistically by analysis of variance, followed by Duncan's multiplerange test [30] for parameter changes with age. The significance of differences between macrosomic and control rats at each age was assessed using Student's t test. These calculations were performed using STATISTICA, Version 4.1 (Statsoft, Tulsa, OK, U.S.A.). Differences were considered statistically significant at P 0.05.
RESULTS
Body weight and nutritional efficiency of the diet
Macrosomic rats (both males and females) had significantly higher body weights than controls throughout the first 12 weeks of life (Figure 1 ). Values are meanspS.E.M. Males and females constitute separate groups. Significant differences between macrosomic and control rats, at each age, are indicated by : *P 0.05 ; **P 0.01 ; ***P 0.001. Food and energy intakes did not differ significantly between macrosomic and control rats at all ages studied (results not shown). As all rats were fed the same commercial diet, N intakes were thus similar in all groups. Nevertheless, N outputs were diminished in macrosomic males and females compared with their respective controls (results not shown) at different times of the experiment.
N balance values and food efficiency ratios declined with age in all groups (Table 1) . Generally, N balances and food efficiency ratios were higher in both male and female macrosomic rats than in controls. No difference in the apparent N digestibility coefficient was observed between macrosomic rats and controls. In contrast, macrosomic rats displayed higher values for lipid digestibility throughout the experiment.
Serum glucose and insulin concentrations
Serum glucose and insulin concentrations increased in control rats during the first 1 month of life, and remained fairly constant afterwards (Figure 2) . In both male and female macrosomic rats, serum insulin concentrations increased gradually with age. However, glucose levels were unchanged from birth to 60 days, but had increased significantly by 90 days of age in the macrosomic group. Postnatal development of macrosomic rats 
*
At birth, serum glucose and insulin concentrations were higher in macrosomic pups than in controls. These values were similar for macrosomic and control rats at 30 and 60 days of age (d30 and d60 respectively). At d90, however, macrosomic rats (both males and females) had higher glucose and insulin levels compared with controls (P 0.01).
Protein and lipid contents and tissue weights of liver, adipose tissue and gastrocnemius muscle
The relative adipose tissue weight, as well as protein and lipid contents in adipose tissue, liver and muscle, tended to increase with age in all groups (Table 2) .
Compared with controls, both male and female macrosomic rats had higher relative adipose tissue weights, together with significantly higher adipose tissue lipid contents, throughout the study period. However, relative liver and muscle weights did not differ between macrosomic and control rats at all ages. At d30, d60 and d90, protein contents in liver and muscle were significantly enhanced in both male and female macrosomic rats compared with controls. However, there were no significant differences in lipid contents of liver and muscle between macrosomic and control groups at d30 and d60. At d90, liver lipid levels were significantly enhanced in both male and female macrosomic rats compared with controls
Tissue lipolytic activities
Adipose tissue and muscle LPL and HTGL activities decreased gradually with age in all groups (Figure 3 ). Adipose tissue LPL activity, expressed as nmol of fatty acids released:min −" :mg −" protein, was significantly greater in both male and female macrosomic rats than in their respective controls at d30 and d60. However, at d90, values were similar in all groups. No differences in muscle LPL activity were observed between macrosomic and control rats, whatever the age. In contrast, HTGL activity was significantly greater in macrosomic rats at all ages.
Liver and serum lipids
Liver
Liver phospholipid content increased gradually with age in all groups. Liver triacylglycerol content only increased with age in male and female macrosomic rats (Table 3) . Hepatic concentrations of unesterified cholesterol and cholesteryl esters did not change significantly in male rats, but increased gradually with age in both control and macrosomic females. At d30 and d60, hepatic concentrations of phospholipids, triacylglycerols, unesterified cholesterol and cholesteryl esters were similar in control and macrosomic rats. However, at d60, hepatic triacylglycerol contents were significantly higher in macrosomic females than in control females (j38 %). At d90, hepatic steatosis was significant, due essentially to triacylglycerol and phospholipid accumulation in macrosomic males (j50 % and j58 % respectively compared with control values), and to triacylglycerol, phospholipid and cholesteryl ester accumulation in macrosomic females (j79 %, j49 % and j100 % respectively compared with control values).
Serum
Serum lipid levels increased with age in both control and macrosomic rats (Table 3) . At birth, serum triacylglycerol, phospholipid, unesterified cholesterol and cholesteryl ester concentrations were higher in macrosomic pups than in controls. At d30 and d60, serum lipids were similar in all groups. However, at d60, serum triacylglycerol concentrations were significantly greater in macrosomic females than in controls. At d90, all serum lipid concentrations were markedly increased in both male and female macrosomic rats, compared with controls (P 0.01).
DISCUSSION
This study was designed to investigate the long-term effects of foetal macrosomia in the offspring of mildly hyperglycaemic mothers. We used streptozotocin treatment of pregnant Wistar rats to induce mild maternal hyperglycaemia, resulting in obese, hyperglycaemic and hyperinsulinaemic offspring. We then produced a situation in which the foetal environment simulated that of a foetus in a poorly controlled human diabetic mother, which results in accelerated foetal growth in conjunction with foetal hyperinsulinaemia. In animal studies, foetal hyperinsulinaemia is a consequence of maternal mild hyperglycaemia [21, 31] . Indeed, all serum lipid levels were higher in macrosomic than in control newborns. These data show that fat synthesis was increased in the foetus with overnutrition, and are in agreement with earlier reports [1, 4] .
Consistent with some previous studies [8, 9, 11] , our macrosomic rats maintained an accelerated weight gain through to 12 weeks of age. Therefore the present study is consistent with observations in humans [5, 7] that show a high incidence of obesity during adolescence and early adulthood for macrosomic infants of diabetic mothers. The increased body weight was reflected by increased adipose tissue weight in macrosomic rats (both males and females) at all ages.
Caloric intake during the suckling period was not quantified in the present study, and appetite differences might exist between groups, with resultant differences in postnatal growth. Differences in the composition of the milk between normal and diabetic mothers could also affect the growth of suckling pups. However, the persistence of obesity after weaning was not linked to overnutrition, since food intake was similar between macrosomic and control rats (both males and females). These results are in agreement with previous work [32] . However, the highest N balances and lipid digestibility values were obtained in macrosomic rats, suggesting better metabolic utilization of dietary nitrogen and increased intestinal lipid absorption. Nitrogen would thus be more available for protein synthesis. This was reflected by increased liver and muscle protein contents at all ages. Thus, during post-suckling development, accelerated growth in macrosomic rats was correlated with an increase in nutritional efficiency and fat storage capacity.
On the other hand, macrosomia leads to metabolic modifications that vary according to age and sex. After 1 month of life, serum lipid levels in male and female macrosomic rats became similar to those of their respective controls. However, adipose tissue LPL and HTGL activities were higher in macrosomic than in control rats. Increased adipose tissue LPL activity could lead to enhanced fat storage and fat cell hypertrophy. The early elevation of adipose tissue LPL activity associated with normal muscle LPL activity was a contributory factor to the maintenance of obesity in offspring of diabetic rats. Similar observations have been made in Zucker obese rats (fa\fa), in which adipose tissue LPL activity was high, whereas muscle LPL activity was normal, at 4 weeks of age [12, 17, 33] . High LPL and HTGL activities are normally associated with enhanced lipoprotein and remnant catabolism, resulting especially in low serum triacylglycerol and phospholipid levels. This inverse correlation between lipolytic activities and circulating lipids was not found in our macrosomic rats : at 4 weeks of age, triacylglycerol and phospholipid production was more enhanced than their removal. At d30, the hyperinsulinaemic state observed at birth had disappeared, and insulin concentrations in macrosomic rats became similar to those of controls. However, an increase in tissue insulin sensitivity could be envisaged, as suggested by several authors [4, 6] . Therefore persistence of a higher number of insulin receptors and\or greater insulin binding affinity in the target tissue may contribute to enhanced anabolic effects, despite normal serum insulin levels in macrosomic rats at d30. The male macrosomic rats again showed excess adipose tissue and high adipose tissue LPL and HTGL activities, whereas serum glucose, insulin and lipid concentrations, as well as liver lipid contents, were similar to those in male controls at 2 months of age. However, in macrosomic females, in addition to these abnormalities, serum and liver triacylglycerol concentrations were increased compared with female controls of a comparable age. This could be the result of increased oestrogen levels in macrosomic females compared with controls, since oestrogen enhances hepatic triacylglycerol production and secretion [34] .
At 3 months of age (d90), macrosomic rats (both males and females) were hyperglycaemic and hyperinsulinaemic, with high serum lipid levels. They also displayed significant increases in liver lipids and HTGL activity. In these macrosomic adult rats, adipose tissue lipid contents remained elevated, while adipose tissue LPL activity was similar to that found in adult control rats. Taken together, the results strongly suggest that the macrosomic rats developed insulin resistance in adulthood, in agreement with other studies [8, 9, 11] . Moreover, it is well known that the development of obesity is linked with insulin sensitivity, while weight maintenance in the obese state is associated with insulin resistance [13, 14, 35] . In several animal models, obesity and adipocyte hypertrophy precede the development of insulin resistance [12, 17, 36] .
The highest value of adipose tissue LPL activity in macrosomic rats was obtained at around 8 weeks of age. Between 8 and 12 weeks of age, marked increments in serum lipid values were noted in the macrosomic rats. It seemed likely that the maximal organ content of LPL was reached during this period, and the capacity of the adipose tissue to remove circulating lipids might become limited. In macrosomic rats at d90, liver steatosis was due to triacylglycerol and phospholipid accumulation in males, and to triacylglycerol, phospholipid and cholesteryl ester accumulation in females. The rise in hepatic lipids might be due to increased synthesis, probably as a direct consequence of hyperinsulinaemia and hepatic hyperlipogenesis, as shown in other obese animals [33, 36] and in humans [14, 35] . At d90, high activity of HTGL, which is involved in the turnover of very-low-density lipoprotein, high-density lipoprotein, triacylglycerol and phospholipid, might contribute to liver steatosis in both male and female macrosomic rats. Differences between males and females could reflect their respective sex hormone status. It is well known that oestrogens increase both low-density lipoprotein receptor and 3-hydroxy-3-methylglutaryl-CoA reductase activities [37, 38] . Therefore higher oestrogen levels in female macrosomic rats might contribute to increase hepatic cholesterol levels by enhancing low-density lipoprotein uptake and hepatic cholesterol synthesis.
Macrosomia should thus be considered as an important potential risk factor for obesity and its metabolic complications.
